Multigrain X-ray diffraction (XRD) can be used to accurately calculate the unit cell parameters of individual mineral phases in a mineral assemblage contained in a diamond anvil cell (DAC). Coexisting post-perovskite (ppv) and H-phase were synthesized at 119 GPa and 2500 K from (Mg 0.85 Fe 0.15 )SiO 3 in a laser-heated DAC. The unit cell parameters of the ppv and coexisting H-phase were determined using multigrain XRD with a 5 μm spatial resolution, close to the size of the X-ray beam, to understand compositional variations across the center area (20-30 μm) in a laser-heated sample. The ppv phase was Fe-depleted and the unit cell volume of ppv decreased by only 0.16 % (corresponding to~3 % variation of FeSiO 3 ) from the heating center to 10 μm off the center, while the sample pressure remained at 119 GPa in a Ne quasi-hydrostatic environment. The unit cell volume of the H-phase decreased by 0.54 % (~10 % variation of FeSiO3 content) over the same 10 μm distance. Both phases were more Fe-enriched in the slightly hotter center. This observation suggests that thermal diffusion may not be the major driver for the compositional variations of ppv and H-phase in the center portion of a laser-heated sample. Instead, these variations could be caused by a temperature effect on the partitioning between the ppv and H-phase over the small gradient.
Background
High-pressure (P) and high-temperature (T) experiments conducted in a laser-heated diamond anvil cell (DAC) have been widely used to simulate the extreme conditions in the Earth's interior. Integrating a laser-heated DAC with synchrotron X-ray diffraction (XRD) remains the dominant tool for studies of high-P mineral physics. In situ unit cell determination of minerals under high P-T conditions is a common task in the laser-heated DAC experiments. In an experiment involving element partitioning and/or chemical reaction, unit cell parameters often reflect compositional changes due to differences in the atomic radii of the elements involved. In the past decade, the combination of focused ion beam (FIB) with transmission electron microscopy (TEM) or other analytical techniques (Miyahara et al. 2008; Sinmyo et al. 2008 ) has been used to analyze the chemical compositions of samples recovered from a laser-heated DAC. This approach could allow the phase identification and detailed chemical analysis of materials under high P-T conditions, provided that all the phases and their chemical compositions remain unchanged after T quench from heating and during decompression to ambient conditions and that they remain unaffected by the FIB/TEM processes. On the other hand, in situ characterization is essential for obtaining information regarding phase changes and unit cell variations induced by pressure and composition.
In situ determination of unit cell parameters and crystal chemistry remains a challenge as pressure exceeds 100 GPa and temperature reaches several thousand kelvins (K).
Small sample sizes together with the re-crystallization of coexisting phases to coarse grains after laser heating significantly degrade the powder diffraction patterns required for accurate data analysis. In recent years, the multigrain method (Sørensen et al. 2012) has been successfully applied to study coarse-grained polycrystalline samples obtained under ultra-high P-T conditions in a DAC (Nisr et al. 2012; Zhang et al. 2013; Zhang et al. 2014; Rosa et al. 2015; Zhang et al. 2016) . These studies have demonstrated that integration of the multigrain method with synchrotron XRD is suitable for treating each sub-micron-sized crystallite as a single crystal in a coarse-grained polycrystalline material in a DAC. In this study, we provide a detailed analysis of the unit cell parameters of Fe-depleted bridgmanite from multiple grains. Furthermore, the unit cell parameters of the coexisting post-perovskite (ppv) and H-phase, quenched from laser heating at 119 GPa, were calculated using multigrain XRD to determine the spatial variation of the compositions of individual phases across a laser heating spot.
Methods
An orthopyroxene (opx) sample with a composition of (Mg 0.85 Fe 0.15 )SiO 3 (Fs15) was used as the starting material in the two experiments reported in this study. Diamond anvils with flat culet diameters of 150 μm beveled at 10°up to 300 μm were mounted in Boehler seats with up to a 60°o pening. A piece of opx sample was pre-compressed into a disk of~10 μm thickness, cut to 40-60 μm in diameter, and placed in a~60 μm diameter Re gasket hole in a Maotype symmetric DAC for each experiment. Compressed Ne was loaded as the pressure transmitting media for use as a pressure scale (Fei et al. 2007 ) and thermal insulation layer during laser heating. XRD measurements were conducted at the high-pressure synchrotron 16ID-B and 13ID-D beamlines of the advanced photon source (APS), Argonne National Laboratory.
To achieve the best possible uniform heating and data quality, and to minimize the temperature gradient in a relatively large sample area, samples were prepared with careful attention to details. Firstly, the heating spot size was adjusted to cover most of the sample in a DAC (Meng et al. 2015 ) and a heating spot with an almost flat area of 30 μm was used for sample synthesis at the 16-ID-B beamline. Secondly, to achieve good coupling of the sample with the laser beam, efforts were made to control uniformity of the sample thickness, chemical homogeneity of the starting material, and the symmetric insulation layers of the quasi-hydrostatic Ne medium. The opx sample was prepared by compressing a single crystal, and thus, sample homogeneity and non-porosity was ensured. The sample was then successfully sandwiched between symmetric insulation layers of Ne from both sides. Note that the use of a quasi-hydrostatic medium such as Ne can speed up phase equilibrium. Spotty diffraction patterns were obtained, which indicated grain growth, after heating for only 2 min, in contrast to the 30-60 min required for experiments above 100 GPa reported in a previous study (Sinmyo et al. 2008) . In situ XRD measurements indicated no obvious changes in the sample between heating for 2 and 10 min; therefore, a short duration of heating was used to avoid chemical segregation.
After successful sample synthesis, we aligned the sample to the ω-rotation center and collected a set of twodimensional multigrain XRD patterns at small increments of the rotation angle over the maximum X-ray accessible range, similar to the rotation method used in conventional single-crystal crystallography. The FABLE package (Sørensen et al. 2012 ) was used to process the spotty XRD patterns, and the orientation matrices of individual grains were indexed using the GrainSpotter algorithm (Schmidt 2014) .
Results and discussion
Unit cell determination of (Mg,Fe)SiO 3 bridgmanite coexisting with H-phase Fe depletion in bridgmanite was observed as a result of the disproportionation of Fe-bearing bridgmanite and the appearance of an Fe-rich H-phase in a quasi-hydrostatic Ne medium (Zhang et al. 2014) . XRD patterns were collected with an X-ray wavelength of 0.3738 Å by rotating the DAC from −21°to 21°in 0.1°steps at the 16ID-B beamline. The exposure time was 20 s/frame. A total of 51 grains of bridgmanite were indexed and the 16 of them with the most reflections available were selected for unit cell determination (Table 1 ). The 16 grains were then divided into three groups. A total of 150-180 reflections were merged from the five or six grains in each group and the unit cell parameters were refined from these reflections using UNITCELL (Holland and Redfern 1997) , as shown in Table 1 . The 5 grains in group #1 were orientated with reasonable constraints on all a, b, and c lattice parameters for individual grains, and the standard deviation was 0.23 Å 3 for the 5 unit cell volumes of each grain. In contrast, another 5 grains in groups #2 and 6 grains in group #3 showed weak constraints on certain directions of the lattice due to their orientations relative to the DAC opening. The unit cell volumes calculated from individual grains in group #2 and group #3 showed scattered values with standard deviations of 0.37 Å 3 for the 5 grains in group #2 and 0.89 Å 3 for the 6 grains in group #3. These results indicate that weak constraints on certain directions of the lattice of an individual grain could cause a large deviation in its unit cell volume, suggesting that unit cell determination from one crystal in conventional single-crystal XRD may suffer from a similar problem. Multigrain XRD overcomes this problem by merging enough reflections from several grains that have random orientations to determine the unit cell parameters of each phase . The refined unit cell parameters from merged reflections in each group did lead to consistent results, with a unit cell volume of 127.52(1) Å 3 in group #1, 127.47(1) Å 3 in group #2, and 127.50(1) Å 3 in group #3. The analysis demonstrated that the unit cell parameters of a high-P phase can be well constrained from enough merged reflections of several grains that have different orientations in a quasihydrostatic sample environment.
The unit cell parameter of Ne after T quench from 2300 K was calculated from three diffraction lines, 111, 200, and 220, and a = 2.962 (7) Å. The corresponding pressure was 102.5 GPa using the Vinet pressure scale of Ne (Fei et al. 2007 ). The Fe content in bridgmanite after disproportionation was characterized as x = 0.02(2) in (Mg 1-x ,Fe x )SiO 3 bridgmanite by ex situ FIB-TEM (Zhang et al. 2014 ). The unit cell volume of the Fe-depleted bridgmanite lies on the P-V curve of Fe-free MgSiO 3 bridgmanite (Lundin et al. 2008) , as shown in Fig. 1 , indicating consistency between the Vinet pressure scale of Ne (Fei et al. 2007 ) and the Au scale (Tsuchiya 2003) . On the other hand, a previous study (Lundin et al. 2008) confirmed the consistency between the Au scale (Tsuchiya 2003) and another Au scale (Dewaele et al. 2004) ; the latter Au scale (Dewaele et al. 2004 ) agrees well with the internally consistent Au and Ne scales by Fei et al. (2007) . However, the unit cell volume of (Mg 0.91 Fe 0.09 )SiO 3 bridgmanite at 100 GPa (Dorfman et al. 2013) using the Au scale (Fei et al. 2007 ) is even slightly lower than that of Fe-free bridgmanite (Lundin et al. 2008) (Fig. 1) , although the pressure scales used in Table 1 Unit cell parameters for Fe-depleted bridgmanite coexisting with H-phase at 102.5 GPa (Dorfman et al. 2013) these two studies are consistent. The reason for this discrepancy is unclear. Multigrain XRD may have significant advantages over powder XRD for determining equations of state if one consistent pressure scale is used at all pressures and a quasi-hydrostatic sample environment is maintained.
Unit cell variations of coexisting ppv and H-phase across a laser heating spot
The coexisting ppv and H-phase were synthesized from (Mg 0.85 Fe 0.15 )SiO 3 at 119 GPa (P after T quench) and 2500 K. After T quench and at 119 GPa, multigrain XRD data were collected for each sample position from the heating center to the margin, at steps of 5 μm across a laser heating spot. Diffraction patterns in step scans at each sample position were collected at ω increments of 0.25°over the DAC opening of 50°. The micro-focused XRD beam available at the 13ID-D beamline had a spot size of 3 by 4 μm with an X-ray wavelength of 0.3344 Å, and the exposure time was only 2 s/frame. The unit cell parameters of (Mg,Fe)SiO 3 ppv at each sample position were determined from~150 reflections merged from several grains, as shown in Table 2 and Fig. 2a . The unit cell volume of ppv decreased by only 0.16 % from the heating center to 10 μm off the center, and the sample pressure remained at 119 GPa in the Ne quasi-hydrostatic environment. According to the previously determined relationship between the FeSiO 3 content in ppv and the equations of state (Zhang et al. 2012 ), the 0.16 % change in the unit cell volume of ppv corresponds to a~3 % change of FeSiO 3 at 119 GPa, regardless of the absolute pressure determined by the different pressure scales. The unit cell volume of ppv in the heating center is also plotted in Fig. 1 and compared with the equation of state for Fe-free bridgmanite (Lundin et al. 2008 ). The unit cell volume of ppv is 1.5 % smaller than the value calculated from the equation of state for Fe-free bridgmanite and is consistent with the volume change from the bridgmanite to ppv transition in Fe-free MgSiO 3 (Tsuchiya et al. 2004) . Fe depletion in ppv is confirmed when coexisting with H-phase. H-phase was observed coexisting with ppv from the heating center to 10 μm off the center. The peak intensities of H-phase were comparable with those of the ppv phase. The unit cell volume of H-phase decreased by 0.54 % from the center to 10 μm off the center, as shown in Table 3 and Fig. 2b , suggesting a larger compositional variation in H-phase over the same distance. The relationship between the FeSiO 3 content and the equations of state for H-phase has not yet been established. Assuming that the effect of the FeSiO 3 content on the unit cell volume of H-phase is comparable to that of bridgmanite or ppv, the variation of FeSiO 3 content in Hphase is estimated as 9-14 %, based on the relationship between the FeSiO 3 content in ppv and their equations of state (Zhang et al. 2012) or 8-10 % based on the similar relationship to bridgmanite (Dorfman et al. 2013 ), corresponding to the 0.54 % change of the unit cell volume of H-phase. Table 2 Variations of unit cell parameters for (Mg,Fe)SiO 3 ppv across a laser-heated spot at 119 GPa. The unit cell volume of the ppv phase slightly decreased by 0.16 % over the 10 μm distance from the center to the margin in the heated spot. N is the number of reflections from multiple grains at each sample position Previous studies using ex situ TEM analysis of recovered samples found that the compositions of ppv were approximately constant for the entire hot spot, while ferropericlase exhibited significantly larger spatial variations in iron content with FeO migration to the cold region (Sinmyo et al. 2008) , indicating that the effect of thermal diffusion on an individual phase is related to its Mg-Fe interdiffusion rate. However, both ppv and H-phase in the present sample are more Fe-enriched in the slightly hotter center. The ppv phase is Fe-depleted with~3 % variation of FeSiO 3 over the 10 μm distance, whereas the compositional variation in the coexisting H-phase is nearly three times of that in the ppv over the same distance. This observation suggests that thermal diffusion may not be the major driver for the compositional variations of ppv and H-phase in the center portion of the laser-heated sample. Instead, temperature effects on the partitioning behavior over a small gradient could explain the partitioning behavior between ppv and H-phase and their subsequent compositional variations. In addition, multigrain XRD has been demonstrated as effective for the detection of a minor phase by indexing a few individual grains within the sample ); however, no additional SiO 2 or other phases were detected in this sample.
Conclusions
Multigrain XRD provides accurate unit cell determination for individual phases in a multiphase system and may serve as an in situ probe for the spatial distribution of compositional changes and/or chemical variation within a sample region of interest, complementing ex situ chemical analysis by TEM or other analysis techniques. Through careful examination of the unit cell parameters of coexisting ppv and H-phase using multigrain XRD, we characterized the compositional variations of both phases across the center area of a laser-heated sample at 119 GPa. Chemical segregation due to a large temperature gradient can be problematic in some laser heating experiments. Previous ex situ TEM analyses of recovered samples revealed strong Fe depletion and Si enrichment in the hot area, and Fe migration to the cold margin through chemical diffusion due to a relatively large temperature gradient (Sinmyo et al. 2008; Andrault and Fiquet 2001) . In this study, we observed relative Fe enrichment in both phases in the heating center, relative to the margin in a well-insulated and quasi-hydrostatic sample environment at 119 GPa. The temperature gradient in the center portion (20-30 μm) of the laser-heated sample was minimized by careful experimental preparation. Therefore, the relative Fe enrichment in the center may not be driven by thermal diffusion but could be caused by the effect of temperature on the partitioning. The temperature distribution in the laser heating spot should be measured in future experiments to quantitatively understand the effect of temperature on partitioning. Table 3 Variations of unit cell parameters for H-phase across a laser-heated spot at 119 GPa. The unit cell volume of the H-phase coexisting with the ppv gradually decreased by 0.54 % over the same 10 μm distance from the center to the margin in the heated spot. N is the number of reflections from multiple grains at each sample position 
